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In recent year, MEMS products have been widely used
in various industries, especially in the 3C
manufactures. The rapid and stable fabrication
platform technology of the process plays a very
important role in industrial development. This paper
presents a rapid bulk micromachining process named
Polymer Passivation Layer for Suspended structures
Etching (PoPLSE) by using polymer as protecting
passivation layer at both anisotropic and isotropic
etching steps. The proposed method can fabricate
suspended single-crystal-silicon (SCS) structures in
Inductively Coupled Plasma Reactive lon Etching (ICP-
RIE) chamber directly, which would simplify the
fabrication process and save fabrication time.

In anisotropic silicon etching, the basic parameters
have been systematical studied in the paper. For the
different etching specifications, such as
verticality, aspect-ratio, roughness, lateral etching
and etching rate, etc., the optimum recipe of high-
aspect-ratio etching process parameters have been
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developed for different applications.

The current study systematically investigates
critical fabrication parameters to verify feasibility
of the proposed PoPLSE fabrication platform method,
and discusses the polymer passivation time and
removal time of polymer at the base of substrate at
different opening gaps of 5, 10, 30, and 50 xm and
different depths of 30 and 50 um to establish
suitable recipes for fabricating suspended
structures. The suitable recipes for comb-drive
microstructures with 30 um or 60 #um in depth and 5um
or 10um line width at different opening sizes are
experimentally identified.

ICP, dry etching, polymer, passivation, suspended,
SCS
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In recent year, MEMS products have been widely used in various industries, especially in the 3C
manufactures. The rapid and stable fabrication platform technology of the process plays a very important
role in industrial development. This paper presents a rapid bulk micromachining process named Polymer
Passivation Layer for Suspended structures Etching (POPLSE) by using polymer as protecting passivation
layer at both anisotropic and isotropic etching steps. The proposed method can fabricate suspended
single-crystal-silicon (SCS) structures in Inductively Coupled Plasma Reactive lon Etching (ICP-RIE)
chamber directly, which would simplify the fabrication process and save fabrication time.

In anisotropic silicon etching, the basic parameters have been systematical studied in the paper. For the
different etching specifications, such as verticality, aspect-ratio, roughness, lateral etching and etching rate,
etc., the optimum recipe of high-aspect-ratio etching process parameters have been developed for different
applications.

The current study systematically investigates critical fabrication parameters to verify feasibility of the
proposed PoPLSE fabrication platform method, and discusses the polymer passivation time and removal time
of polymer at the base of substrate at different opening gaps of 5, 10, 30, and 50 um and different depths of 30
and 50 pum to establish suitable recipes for fabricating suspended structures. The suitable recipes for
comb-drive microstructures with 30um or 60um in depth and S5um or 10um line width at different opening
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Development of Microbead-based Affinity Biosensor by

Insulator-Based Dielectrophoresis

Tsung-Min Chuo!, Wensyang Hsu®, Shih-Kang Fan?
'Department of Mechanical Engineering, National Chiao Tung University, TAIWAN
Department of Materials Science and Engineering, National Chiao Tung University, TAIWAN
skfan@mail.nctu.edu.tw

Abstract—This research describes a high sensitivity
microfluidic bead-based immunosensor based on the
principle of insulator-based dielectrophoresis (iDEP). An
insulator film with small holes between two electrodes
creates a nonuniform electric field. By applying
appropriate voltage and frequency, the fluorescent beads
are concentrated to lower electric field regions due to the
difference of dielectric properties. This concentrating step
enhances the fluorescence intensity of analytes and
decreases the detection limit of immunosenser. In this
research, the fluorescence dye is conjugated with
streptavidin which has high affinity to biotin. We use
biotin-labeled polystyrene beads to bind with streptavidin,
therefore, we can further detect fluorescent streptavidin
conjugates by a fluorescence  microscope. The
biotin-labeled polystyrene beads perform not only various
chemical characteristics by labeling different functional
groups but also offer an increased surface area for
antibodies or antigens to immobilize on. Finally, we
fabricate a microfluidic bead-based immunosensor with
high sensitivity (1 pg/ml), short analysis time (~10 minutes),
few sample consumption (~0.5 pl) and without physical
microchannel.

Keywords-component; immunosensor; iDEP; fluorescence

1. Introduction

Immunoassays are biochemical analysis methods based on
the high selectivity between antibody and antigen; they
normally measure the presence or concentration of a specific
substance in solutions or mediums that frequently contain a
complex mixture of substances. Moreover, immunoassays are
among the most sensitive and specific analytical methods that
are routinely used in a clinical laboratory and other biological
research applications.

In recent years, a new technique that uses microbeads as a
solid support in immunoassays has become usual. There are
several advantages in the use of microbeads. First, the
microbeads’ surface to volume ratio is greater than that of a

microtiter plate commonly used in conventional immunoassays.

For example, 1 g of microbeads with a diameter of 0.1pm has a
total surface area of about 60 m?[1]. The large surface area
provides a large interface and the reaction field between
samples and reagents. The sensitivity of immunoassays would
be increased as a result of the higher efficiency of the
immunoreactions between the immobilized antibody and the
antigen present in a continuous flow. In addition, the reaction
rate may be increased because of the greater reaction field.

Second, the immunoassays which use microbeads as a solid
support can be easily integrated into a microfluidic chip. The
samples and reagents that used in immunoassays can be easily
transported in a fluidic system by a syringe pump or another
way. Third, there are various available surface modifications
for microbeads. DNA, RNA, antibodies, antigens and a vast
number of other biological molecules can be easily fixed on the
surface of microbeads. Moreover, transportation and analysis
in a fluidic system is easy [2].

Furthermore, the dynamic condition that utilizing both
diffusion and convectional forces to deliver or mix samples
with reagents in microfluidic system. In contrast, conventional
immunoassay on a microtiter plate, likes enzyme-linked
immunosorbent assay (ELISA), is a static condition that merely
depends on diffusion of the molecules for interaction and
binding.

Microfluidic technology is widely used in immunoassays
available to improve the analytical characteristic performances,
such as short analysis time, high reliability and high detecting
sensitivity, easy handling and low consumption of reagents [3].
However, a retention method is necessary for trapping or fixing
microbeads in microfluidic system in order to avoid the
microbeads washing away in the microfluidic system. For
example, microbeads can be trapped by arrayed
microstructures [4]-[6], Kitamori and coworkers fabricated a
dam structure for retaining polystyrene microparticles in a
glass-based microchannel [6]. Magnetic beads are also used for
immunoprotein support and separation, since these beads can
be easily manipulated in the channel by applying a magnetic
field [7]-[9]. Dielectrophoresis [10][11], and electrostatic
forces [12][13] are another way to be a retention method.

Sensitivity means the lowest concentration or the smallest
amount of analytes that can be detected above the baseline,
which is perhaps the most widely touted measures of an assay
since it is easy quantified. Compared to conventional
immunoassays, those relying on fluorescence detection, are
known to be highly sensitive [14]. They have the potential that
can replace the traditional ELISA technique if the fluorescence
signal arising from fluorophores bound with analytes can be
effectively reinforced.

In this research, we can enhance the fluorescence intensity in
a simple way instead of complex chemical operations. The
fluorescence intensity can be increased by concentrating beads.
We have developed a fluorescent bead-based immunoassay
using iDEP adapted from existing ELISA. This microfluidic



bead-based immunosensor has high sensitivity, short analysis
time, few sample consumption and without any microchannel.

2. Theory

2.1. Dielectrophoresis

Dielectrophoresis (DEP) is an electrokinetic phenomenon
which can drive particles by using electrodes instead of moving
actuators. A dielectric particle suspending in a solution would
be affected by a force caused by the interaction between the
spatially inhomogeneous electrical fields causing polarization.
The DEP force has been widely used to manipulate, transport,
separate and sort different types of particles.

DEP can be classified into two types: positive DEP (p-DEP)
and negative DEP (n-DEP). Particles are attracted to the region
of a stronger electric field with the p-DEP force because their
permittivity is greater than that of the solution. In contrast,
particles are attracted to the region of a weaker electric field
with the n-DEP force because their permittivity is smaller than
that of the solution. In addition, p-DEP [15][16] and n-DEP
[17][18] have been used to manipulate particles and biological
cells with microelectrode systems.

The DEP force, Fpgp, 0n a suspended spherical particle in a
solution is given by

Foer = 272,8° Re( fey )VE rus, (1)

where a is the particle radius [m], &, is the permittivity of
the suspension solution [F/m], Egys is the root-mean-square
electric field [V/m], V is the del vector operator, and Re(f¢p)
is the real part of the Clausius-Mossotti factor, given by
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where ¢ is the conductivity [S/m], € is the permittivity, w is
the angular frequency and j equals v—1.

2.2. Insulator-based dielectrophoresis

Insulator-based (electrodeless) dielectrophoresis (iDEP) is a
technology to produce the nonuniform electrical field by
insulators for driving DEP. Hence iDEP would avoid the
problems caused by electrodes.

In this research, iDEP is used to collect fluorescent beads on
a specific device which includes two electrodes with a
patterned insulator film in between as shown in Fig. 1. When
voltage is applied on the device, the charged fluorescent beads
are gathered at the region of weaker electric field on the
insulator film, so that the beads collection can be completed by
the n-DEP force. The fluorescence signal will be enhanced by

(a) Schematic illustration

Electrode
Insulator film
Electrode \oltage off \oltage on
(b) Top view of insulator film
Insulator film ﬂ E »
Microbead
\oltage off \oltage on

Fig. 1. Principle behind the assay methodology, combining the insulator film

and the n-DEP-based manipulation techniques. (a) Using insulator film to

concentrating fluorescent beads. The method can increase
fluorescence intensity and sensitivity. Our device is based on
the iDEP technique to detect a limited amount of streptavidin.

3. Experiment

3.1. Fabrication

Indium tin oxide (ITO) is one of the most widely used
transparent conducting oxides because of its electrical
conductivity and optical transparency, as well as the ease of
depositing and pattering. The device was fabricated on glass
substrate with deposited ITO thin film. The dielectric layer of 2
um Parylene C was deposited on ITO thin film by chmical
vaporization deposition (CVD). The hydrophobic layer of
Teflon is spin-coated onto the dielectric layer for increasing the
contact angle of droplets.

The insulator film was fabricated by dry film photoresist
(PerMX3020, DuPont). The pattern on the PerMX dry film is
shown in Fig. 2. The pattern consists 25 squares arranged in a 5
x5 array. The length of the squares is 35 um and the interval
between the squares is 60 um. To fabricate it, a PerMX dry
film was baked and is exposed by UV light (350-400 nm).
Afterward, the PerMX dry film was developed by PerMX
developer and rinsed by IPA.
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300um

Fig. 2. SEM photo of the patterned PerMX dry film.

3.2. Reagents and Materials

Biotin covalently coupled to Fluoresbrite® YG fluorescent
microbeads (2um diameter) was purchased from Polysciences,
Inc. (U.S.A). The biotin-labeled polystyrene beads were
dispensed into a microcentrifuge tube and centrifuged at 10000
xG for 5 minutes. The supernatant in the tube was then rded.
The beads are resuspended in PBS/BSA binding buffer. These
steps will be repeated three times to wash the microsheads.
After the last washing, the beads can be resuspended to any
volume, however higher concentrations usually work better (at
least 5x108 particles/ml).

Rhodamine B labeled streptavidin purchased from Invitrogen
(U.S.A) was incubated with the processed beads for 30
minutes at 4°C to ensure that the reaction between two species
was sufficient. The tube was centrifuged for 5 minutes and the
supernatant in the tube was discarded. The beads are
resuspended in PBS/BSA binding buffer. After repeating three
times, the beads were ready for use in the following
experiment.

3.3. Experiment Setting

Double side tapes were pasted between the ITO glass plate
and the insulator film as spacers. A 0.5 ul droplet was created
by a pipette. Cross section of the experiment setting is shown
in Fig. 3. AC voltage was applied to the sandwich constructer
from a function generator. Finally, wires are connected
between the chip and the control circuits. The condition of
concentrated beads can be observed under a fluorescence
microscope.

AC signal is produced by a function generator and passed
through an amplifier to the electrodes. The electrodes were
connected to a PC via an 1/0O card (DAQCard-USB6251). The
signal is controlled with LabVIEW software (National
Instruments). Detection processes was visualized by a
fluorescence microscopy (1X71, Olympus) equipped with a
CCD camera. The fluorescence images were analyzed by
image analysis software (Image Pro Plus).

4. Results and Discussion

4.1. Concentrate Beads

By applying voltage, the beads would be concentrated of the
gap between two square holes of the insulator film by the
n-DEP force. In this experiment, two different fluorescence
dyes are labeled on biotin-labeled polystyrene beads and

ey
[

[ ] Substrate Medium
] Dielectric layer
B Electrode

Hydrophobic layer

Spacer
B Insulator film

@ Biotin conjugated microbead
@ Streptavidin

Fig. 3. The cross section of experiment construction.

streptavidin separately. Therefore, we would observe the
condition of biotin-labeled polystyrene beads and streptavidin
simultaneous by using different optical filter, respectively. The
results are shown in Fig. 4 and the operation time was 15
minutes.

o

100 um
—

100 um
—

Fig. 4. The photos of concentrated beads on insulator film. (a) Before apply
voltage (bright field). (b) Apply voltage to concentrate beads after 15 minutes

(bright field). (c) Before apply voltage (fluorescence field). (d) Apply voltage

4.2. Operation Time

The fluorescence intensity of concentrated beads approaches
to a limit after a long time. It is important to determine how
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Fig. 5. The measured intensity of concentrated fluorescent beads plotted along
long we need to concentrate beads. For quantitative evaluation
of concentrated beads, the value of fluorescence intensity was
calibrated to be 0 for the initial state and 1 for the final state.
We applied a 140 Vrys Vvoltage at 100 kHz and analyzed the

captured photos caught during operation. The results are shown



in Fig. 5. From the results, the fluorescence intensity becomes
stable about 10 minutes. The correlation coefficient for these
15 samples is ~0.92, which seems to be rather high for an
immunoassay.

4.3. Results

The fluorescence intensity increased while the concentration
of fluorescent dye increased. In this research, we used
fluorescent beads and Rhodamine B labeled streptavidin. For
quantitative evaluation of the relation between intensity and the
concentration of Rhodamine B labeled streptavidin. First, we
choose a value of fluorescent beads’ fluorescence intensity.
Then, the value of streptavidin’s fluorescence intensity divides
by  this  number. Finally, ~we can get a
concentration-fluorescence intensity graph and is summarized
in Fig. 6. Concentrations of the Rhodamine B labeled
streptavidin ranges from 1 pg/ml to 1 ng/ul and the
determination limit is 1 pg/ml.
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Fig. 6. The calibration curve of Rhodamine B labeled streptavidin.

5. Conclusion

In this paper, we increase the sensitivity of a bead-based
immunosensor by concentrating beads instead of complex
chemical operations. The concentration step by iDEP is
finished less than 10 minutes and increases the fluorescence
under 140 Vgys at 100 kHz. We anticipate that this mechanism
may be useful in Pico-scale for clinical diagnosis or other
biological research applications.
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Fabrication of Deep Lateral Single-Crystal-Silicon Blaze
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Abstract—This paper presents a method by using a
compensative structure assisted to fabricate deep lateral
single-crystal-silicon  (SCS) blaze micro-grating at
Inductively-Coupled-Plasma Reactive lon Etch (ICP-RIE).
Due to the high resolution of blaze micro-grating, it’s hard
to maintain the teeth structure of blaze micro-grating under
deep silicon etch in ICP-RIE process. Here, the
independent rectangular structure and symmetrical
structure to micro-grating is designed to obstruct the
non-vertical plasma ion to etch the sidewall of
micro-grating structure and to get better the profile control
at deep micro-grating structure. The lateral silicon blaze
micro-grating with 100 #m thickness by compensative
structure assisted etch process have been successfully
demonstrated this method.

Keywords-blaze graing; Inductively-Coupled-Plasma
Reactive lon Etch (ICP-RIE).

1. Introduction

Due to excellent material properties of the
single-crystal-silicon (SCS), the lateral silicon blaze
micro-grating have potential to integrate the MEMS
sensors and actuators [1]. The micro-grating is an
important optical device, especially in applications of
optical coherence tomography (OCT),
micro-spectrometer, tunable laser, dense wavelength
division multiplexer (DWDM) etc. Profile control of
teeth structures is important issue in manufacturing
lateral blaze micro-grating.  In anisotropic silicon
etching, under the Bosch patent, sequentially alternating
etch and passivation cycles can easily achieve
high-aspect-ratio  silicon structures [2,3]. Many
fabrication parameters such as uniformity, etch lag and
geometrical effect in ICP-RIE have been investigated to
obtain high-aspect-ratio structures [4-8]. There is rare
research to discuss the corner structure like teeth of
micro-grating under deep ICP-RIE etching. In
fabricating lateral SCS blaze micro-grating by ICP-RIE
process, the teeth structure of micro-grating can’t still
maintain under deep etching. In this paper, we propose
a method using a compensative structure assisted etch
process to fabricate better profile of grating at the deep
ICP-RIE.

2. Design

The experimental study is performed in the STS
Multiplex ICP-RIE here. This study generates the
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Fig. 1. Micro-grating (a)without compensative structure, (b)with

rectangular compensative structure and (c) with symmetrical
compensative structure to assisted profile control in ICP-RIE etching.

source plasma of an inductively coupled coil by a 1kW
13.56 MHz R.F generator, and uses another 13.56MHz
generator as a platen power to independently control the
bias potential of the wafer relative to the source plasma.
The fabrication process maintains at low temperature
using helium as cooling gas supplied to the backside of
the  wafer. Sulfur  hexafluoride (SF¢) and
octafluorocyclobutane (C4Fg) are used as the main etch
and passivation gases, respectively.

2.1. Concept Design

In the proposed method, a compensative structure near
silicon blaze micro-grating structure is designed to assist
etching process in ICP-RIE. Here, the lateral blaze
micro-grating structure with 8.9 degrees blaze angle, 10
#m periodic grating structures as the critical device is
used to investigate the profile control of teeth structures
after ICP-RIE deep etch, as shown in figure 1(a). The
rectangular compensative structure and symmetrical
compensative structure near micro-grating structure that
assisted ICP-RIE etching is design, as shown in figure
1(b) and figure 1(c). The gap between teeth structures
and compensative structure is 5 zm.
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2.2. Fabrication Process

Figure 2 schematically shows the fabrication flowchart
using the compensative structure assisted ICP-RIE etch
in fabricating lateral silicon blaze micro-grating. First,
the negative photo-resist (SU-8 2002) is spun and
patterned as an etch mask on a SOI wafer, as shown in
figure 2(a). The SU-8 is baked by 95°C 20minutes to
enhance the resist the plasma ion etching. The lateral
silicon blaze micro-grating structure is etched by Bosch
silicon cyclic anisotropic etch, as shown in figure 2(b).
Finally, the compensative structure is removed by
hydrofluoric acid (HF) wet etch.

(©
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Fig. 2. Fabrication flowchart of lateral silicon blaze micro-grating
using compensative structure assisted RIE etch.

3. Experimental results and
disscussions

3.1. Process results

This paper uses lateral silicon blaze micro-grating
without/with rectangular and symmetrical compensative
structure to discuss the profile control at the teeth of
micro-grating structure at deep ICP-RIE. The
compensative structure is a temporary structure at
fabrication process. So, the compensative structure is
designed as independent structure that easily to remove
after anisotropic etching. The SOI wafer with 100 zm
device thickness is used here. The silicon cyclic
anisotropic etching recipe used in this study, which is
based on Bosch anisotropic etching method, is 800/12 W
source/bias power, 130/13 sccm SF4/O, flow rate, 12
seconds in etching step, and 800/0 W source/bias power,
85 sccm CyFg flow rate, 8 seconds in passivation step.
Etch rate is about 2.3 zm /minutes.

Since the Bosch patent, etch and passivation cyclic
mechanism developed, the high-aspect-ratio anisotropic
silicon structures can be easily achieved. The pattern
from photo-resist to silicon is fine transferred at the
beginning etch, even in corner structures. But the
structures at the corner can’t be maintained as original
designed under deep etch. This is seriously issue
influenced efficiency at some devices like optical grating
that need accurate structure’s profile.

Figure 3(a) shows the scanning electron microscope
(SEM) photograph of the lateral silicon blaze
micro-grating under ICP-RIE etching.  The teeth
structures of micro-grating are measured by Atomic
Force Microscopy (AFM) and profile photograph, as
shown in figure 3(b) and figure 3(c). The profile of the
teeth is approach flat under 50 gm depth. The
efficiency of dispersion of light at grating structures is
low caused by not bad teeth structures.
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Fig. 3. The lateral silicon blaze micro-grating (a)SEM, (b)AFM,
(c)profile  photography under ICP-RIE etching without any
compensative structure.
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In ICP-RIE etching, the structures at the corner is hard
be maintained after deep etch. Most plasma ion has
been moved vertically by bias voltage attraction and
performed spontaneous etch to the base silicon. But,
some plasma applied non-vertical movement, due to the



collision between plasma. The non-vertical movement
plasma has spontaneous etching reactions with silicon
material at the sidewall. The etching of silicon at the
sidewall becomes serious at deep position which can
explain the damage of the grating structure at deep
position in figure 3(a). Enlarged bias voltage and
lowered process chamber pressure can slightly reduce the
non-vertical plasma ion. But, it is not effective method
to solve this problem.

In this paper, an independent and compensative
structure near the blaze micro-grating is design to assist
the corner profile control. This compensative structure
not only can obstruct the most non-vertical plasma to
etch the silicon at the sidewall of the grating, but also can
reduce the effect of etch
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Fig. 4. The lateral silicon blaze micro-grating (a)SEM, (b)AFM,
(c)profile photography under ICP-RIE etching with rectangular
compensative structure assisted etch.
lag around the teeth structures.

A rectangular compensative structure near blaze
micro-grating structure is design, as shown in figure 1(b).
After anisotropic silicon etch and rectangular
compensative structure removal, the teeth structures at
the deep position obviously have been improved, as
shown in figure 4(a). The AFM and profile photograph
of teeth are shown in figure 4(b). and figure 4(c). The

profile of teeth structures at 70 zm deep position is
similar to at 10 gm deep. The teeth structures still
have maintained even in 90 xm deep.

The SEM photography of grating with symmetrical
compensative structure assisted etch is shown in figure
5(a). The AFM and profile photograph of teeth are
shown in figure 5(b). and figure 5(c). The profile of the
teeth structures with symmetrical compensative structure
is also obviously better than without compensative
structure.

Although, the compensative structure can improve the
profile of teeth of the grating structures at deep etch, but
some extra defects have be found at sidewall silicon at
30~50 um
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Fig. 5 The lateral silicon blaze micro-grating (a)SEM, (b)AFM,
(c)profile photography under ICP-RIE etching with symmetrical
deep as shown in AFM photography, as shown In figure

4(b) and figure 5(b). These defects didn’t happen at
grating without compensative structure, as shown in
figure 3(b). These defects of the sidewall caused by
reflected ion from the mask side on the compensative
structure [4].

3.2. Optical measurement results

The schematic diagram of measurement setup is shown
in figure 6. The measurement equipments include 6W



power 450~2000nm wavelength supercontinnum light
source, cylindrical lens for focusing output spectrum,
CMOS linear sensor arrays for optical amplitude
measurement.

Figure 7 shows the optical measurement results of
lateral Dblaze micro-grating without compensative
structure assisted etch and with rectangular/symmetrical
compensative structure

VIS filter

mirror

cylindrical lens

Linear sensor arrays
Fig. 6 The schematic diagram of optical measurement.
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Fig. 7 thical amplitude of gratirng without, with rectangular

assisted etch. The amplitude of background is 120
measured by the same CMOS linear sensor arrays. The
amplitude of micro-grating with compensative structure

assisted profile control is obviously higher than without
compensative structure. The amplitude of grating with
symmetrical compensative structure is higher than with
rectangular compensative structure. The grating with
symmetrical compensative structure let the opening gap
be the same around the teeth of the grating. So, the
symmetrical compensative structure with grating not
only can block non- vertical plasma to etch the silicon
material at the depth position, but avoiding etch lag
effect around the teeth structures.

4. Summary

A method to fabricate the deep lateral SCS blaze
micro-grating by add a compensative structure near the
micro-grating to assist ICP-RIE etch has been proposed.
The rectangular and symmetrical compensative structure
is design to obstruct the non-vertical plasma ion etch and
reduce the etch lag effect. The better profile of the
grating structure with 100 zm has been successfully

fabricated using the symmetrical compensative structure
method.
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